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Abstract
In this project, Janus particles are obtained by swelling linear,
crosslinked and chlorine functionalised polystyrene colloids with
styrene. Firstly, linear polystyrene colloids of 800 nm in size with
a polydispersity lower than 5% were synthesised using a
surfactant-free emulsion polymerisation method. These colloids
were used as seeds in a crosslinking synthesis. The obtained
crosslinking spheres were larger than one micrometer. These
crosslinked colloids were functionalised with chlorine groups by
swelling with vinylbenzyl chloride. The chlorine groups were
visualised with confocal microscopy by the addtion of
fluoreceinamine to the colloids.
Finally, the chlorine functionalised crosslinked seeds were swollen
with styrene to obtain anisotropic Janus particles.
Key words: polymer colloids, surfactant-free emulsion
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Chapter1
Introduction
Colloids are present in nature in various ways such as proteins in milk,
mist in the air, red blood cells [4] , etc. Besides, they also have applications
in industries concerning cosmetics, paint [6], polymer and food. For these
applications there is a specific interest in colloids with anisotropic proper-
ties. One class of colloids are the so-called Janus particles which have sur-
faces with distinct physical properties. It’s is remarkable that although the
first reference to colloid science dates back to 1927 [2], the term Janus par-
ticle was coined more recently in 1988 by Casagrande et al. [3]. The term
was used originally to describe spherical glass particles with a hydrophilic
hemisphere and a hydrophobic one. The interest for the synthesis of this
kind of colloids has been continuosly growing since 1988 due to their self-
assembly possibilities. Therefore these particles are used as basic building
blocks for new structures and materials such as crystals and clusters [7].
The motivation for the synthesis of these Janus particles relies on the
study of curvature mediated interactions on GUVs. Some simulations
have been made in this aspect [5] and future experiments could be per-
formed to test the accuracy of these simulations.
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Chapter2
Theory
2.1 Colloids
A colloid is defined as any particle with linear dimensions between 10-9
m and 10-6 m [1]. At these length scales the colloids are influenced by
thermal fluctuations which leads to Brownian motion. This broad def-
inition includes colloids of different shapes, materials or sizes. In this
project polymer colloids are synthesised consisting of polystyrene. Spher-
ical polystyrene colloids can be synthesised using a emulsion polymeriza-
tion method. This method is different in each of the syntheses described
in the following sections.
2.1.1 Surfactant-free synthesis of linear polymer colloids
Linear polymer spheres can be synthesised using an emulsion polymer-
ization method [9]. To obatin polystyrene colloids styrene monomers are
polymerised in aqueous medium by the radical initiator potassium persul-
fate (KPS). The free radical polymerisation is induced at high temperature.
The initiator causes the breaking of the double bond of the vynil group in
styrene molecules resulting in the formation of long polystyrene chains.
This chemical process is illustrated in figure 2.1.
The solubility of these polymer chains in aqueous solvent decreases as
the length of the chains increases. At a certain chain length the chains are
insoluble and tend to huddle and curl up reducing the surface area in con-
tact with the solvent. This emulsion polymerization was emulsifier-free.
Thus nucleation is based on precipitation of macromolecules and not on
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Figure 2.1: Mechanism of the polymerisation of styrene by potassium persulfate.
The initiator used was potassium persulfate (KPS), a water soluble initiator which
dissociates into sulfate radical ions above 50 ◦C as follows: [O3SO−OSO3]2− 

2[SO4]−. These highly reactive radicals split the double bond leaving one free
radical in the styrene molecule. This leads to polymerisation and the formation
of longer chains. The ending sulfate group of these chains will determine the
electrostatic stabilisation of the final polymer colloids.
micelle formation. Given the absence of the emulsifier, these polymer nu-
clei are not stabilised in emulsions and they tend to collide forming larger
particles. These colloids are eventually stabilised electrostatically by the
chain end sulfate groups of the polymer chain. This process is illustrated
in figure 2.2.
2.1.2 Crosslinking of polymer seeds
Polymer colloids can be crosslinked with an emulsion polymerisation method.
This method is based on the swelling of the colloids with monomer and
crosslinker followed by polymerisation. In order to transport the swelling
agent to the colloids, sodium dodecyl sulfate (SDS) was used as an emulsi-
fier. The structural formula of this emulsifier is included in figure 2.3. The
swelling solution is a mixture of styrene, divinylbenzene (DVB) and azobi-
sisobutyronitrile (AIBN). AIBN is an oil-soluble initiator so it dissolves in
styrene. The mixture is emulsified in water using SDS which is illustrated
in figure 2.4. The emulsifier is also responsible for the stabilisation of the
final colloids.
When the temperature is increased, the AIBN decomposes. From this
descomposition two 2-cyanoprop-2-yl radicals are obtained. These are re-
10
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Figure 2.2: Synthesis of linear polystyrene colloids. The reaction mixture con-
tains styrene monomers and KPS dissolved in water. When the temperature is in-
creased, polymerisation is initiated and polymer chains are formed. At a certain
length these chains are hydrophobic and form a sphere by curling up. The sphere
minimises the surface area exposed to the aqueous solvent. These spherical
macromolecules collide with other macromolecules forming linear polystyrene
colloids. The colloids become stable electrostatically due to the charged ending
group of the chains.
Figure 2.3: Structural formula of sodium dodecyl sulfate. This molecule consists
of a long organic tail which is hydrophobic and an inorganic head which is hy-
drophilic. The hydrophobic tails tend to gather together in water. This gives
rise to the formation of micelles which can transport and stabilise hydrophobic
monomers.
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Figure 2.4: Swelling of linear polystyrene colloids. A mixture of water and
styrene with DVB and AIBN are emulsified with SDS. These emulsion droplets
containing both the styrene and the DVB are stabilised and transported to the lin-
ear colloids by the SDS molecules. Then the polymer chains are crosslinked by
the DVB making the spheres more rigid. Finally, the colloids are still stabilised by
the SDS molecules.
sponsible for the copolymerisation implying the breaking of the two dou-
ble bonds of the crosslinker and the consequent junction of two polymer
chains. Thus copolymerisation in this case is initiated from the inside of
the colloids. It is also noteworthy that the 2-cyanoprop-2-yl groups don’t
contribute with more charge to the colloids. The detailed chemical pro-
cess is shown in figure 2.5. This chemical process makes the structure of
the colloids rigid since it connects many of the polymer chains.
2.1.3 Chlorination of polymer seeds
Crosslinked polymer colloids can be functionalised with chlorine groups
by the addition of vinylbenzyl chloride (VBC). This monomer is similar to
styrene apart from the chlorine group. The structural formulas of both can
be seen in figure 2.6. The linear polystyrene seeds will absorb the ’styrene-
part’ of the molecule leaving chlorine groups at the surface of the particle.
The swelling solution contains both VBC and DVB. The transport of the
swelling agent is carried out by the SDS in emulsions. This process takes
several hours. The polymerisation is initiated when the temperature is
increased and the initiator is added. The initiator used is KPS (water solu-
ble) since for the surface chlorination, the polymerisation must be initiated
from the outside of the colloids. This initiator was added in a solution
12
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Figure 2.5: Mechanism of the copolymerisation of divinylbenzene by AIBN.
Above 50 ◦C, AIBN decomposes as follows: [(CH3)2C(CN)]2N2 −→ N2 +
2[(CH3)2C(CN)]−. The two double bonds of the divinylbenzene molecule are
broken by the 2-cyanoprop-2-yl radicals. This leaves two free radicals that will
join two polymer chains. Since the radicals are negatively charged when they
form bonds they end up neutrally charged. Thus these radicals don’t contribute
to the total charge of the polymer.
with sodium bisulfite (NaHSO3), since this salt reduces the dissociation
temperature of KPS by means of a redox reaction.
2.1.4 Protrusion formation of polystyrene colloids under
swelling
The protrusion formation of crosslinked polymer seeds is based on a mech-
anism of phase domain formation. I will describe qualitatively this mech-
anism; the thermodynamic description of this mechanism is described by
Sheu et al. [11]. A schematic of this mechanism is shown in figure 2.7. To
form protrusions crosslinked polymer colloids are swollen with monomer.
Therefore the elastic stress on the seed particle increases. To compen-
sate for this effect phase separation occurs where a new domain contain-
ing monomer and no-crosslinked polymers is formed. Depending on the
crosslinker density of the seed particles an increase in temperature might
be required for the protrusion formation. After the formation of the new
domain the domain grows in size depending on the amount of monomer
available.
Version of July 11, 2016– Created July 11, 2016 - 16:53
13
14 Theory
Figure 2.6: Structural formula of styrene and VBC. Both molecules consist of a
benzene ring with a vynil group. In the case of VBC the benzene ring has an extra
side group with a carbon and a chlorine atom. Due to the different electronegativ-
ities of these atoms this is a polar bond which induces a slightly negative charge
to the Cl.
Figure 2.7: Mechanism of phase domain separation. 1 and 2) When crosslinked
chlorinated colloids are swollen with monomer, the elastic stress is increased. 3)
A protrusion consisting of monomer and no-crosslinked polymers is exudated to
compensate this effect.
14
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Figure 2.8: Schematic illustrating the effect of osmotic pressure on Giant Unil-
amellar vesicles. GUVs are extremely sensitive since the thickness of the lipid
bilayer is only a few nanometers the diameter of the GUV can be tens of microm-
eters. Mechanical stress or pressure may cause defects on the bilayer or the com-
plete deformation of the vesicle. Thus osmotic pressure must be adjusted wisely.
A lower or a higher osmotic pressure outside the vesicle could make them tense
or floppy respectively.
2.2 Giant Unilamellar Vesicles
Giant unilamellar vesicles (GUVs) can be formed by a standard electroswelling
technique [10]. Since all of the lipids have permanent dipoles the applica-
tion of an electric field forces them in one direction, making it easier for
water to penetrate previously inaccessible places. The contact between
the water and the lipids triggers the hydrophobic forces and a lipid bi-
layer is formed. This lipid bilayer has the polar heads outside and the
apolar chains inside.
The molarity of the solution where the GUVs are assembled must be
adjusted so that the osmotic pressure is similar inside and outside the vesi-
cles. If the osmotic pressure is lower outside the vesicles, the liquid tends
to go inside to equalise the osmotic pressure in both sides and the vesicle
becomes tense. In the opposite case, the vesicles become floppy. This may
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Figure 2.9: Magnification scheme in an optical microscope. In an optical micro-
scope the magnification relies on the distance between two lenses in an optical
bench. Before transmission to this bench light is condensed by diaphragms and
other lenses not shown in the picture. After being transmitted the image is mag-
nified in the objective composed of these two lenses.
happen due to evaporation since the outside osmotic pressure increases.
This effect is illustrated in figure 2.8.
2.3 Observation techniques
Since colloids have lengthscales in the micron range, they can be observed
with optical microscopy and scanning electron microscopy. Both tech-
niques will be discussed in the following sections.
2.3.1 Optical Microscopy
Since colloids are larger than the wavelength of visible light, they can be
observed with optical microscopy. The image of the object is magnified in
an optical bench based on two lenses. This array is shown in figure 2.9. In
this picture, light is entering from the left and is usually condensed using
an extra lens. This light is transmitted to the sample and the optical bench
magnifies the image so that the detector observes a larger picture.
The limit of resolution of optical microscopy is based on diffraction.
Images can be understood as a set of points surrounded by diffraction pat-
terns which are called Airy disks. The resolution depends on the ability to
distinguish between two Airy disks. This resolution is the minimum dis-
tance that can be distinguished clearly and is given by Bragg’s equation:
d =
λ
2NA
(2.1)
16
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Figure 2.10: Principle of confocal microscopy. A pinhole is conjugated with the
focal point of the lens so that only light from that point reaches the observer. The
light coming from the observed point is usually of a different wavelength of the
incoming light due to fluorescence. The beam splitter selects this light so that
only fluorescent light is observed.
Where d is the resolution limit, ń is the wavelength of the light and NA
is the numerical aperture of the lens. With confocal microscopy the quality
of the image can be increased by disposing of the out-of-focus light using
laserlight of a certain wavelength. This out-of-focus light is responsible for
the scattering in bright field microscopy. The elimination of this scattering
is achieved by means of a beam spliter and an extra pinhole aperture. A
schematic of this setup is shown in figure 2.10. The benefits of confocal mi-
croscopy are the improvement of the image quality and the possibility of
observing fluorescence by emitting light in the corresponding wavelength.
These optical microscopy techniques provide information about the
motion of the colloids, their interactions and their stability. The main dis-
advantage of these techniques is that the resolution is not high enough
to study the surface of the colloids. Thus no conclusions can be reached
about the surface properties or the detailed shape.
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2.3.2 Scanning Electron Microscopy (SEM)
Electron microscopy uses electron beams instead of photons to observe
particles. The magnification principle is similar to optical microscopy but
the detection method is completely different. Instead of photons an elec-
tron beam is emitted thermionically from an electron gun using a tungsten
filament. This beam is condensed electromagnetically and the deflection
coils are used as lenses. The electrons interact with atoms of the sample
and a signal is produced. In some cases the sample is sputter coated with
atoms of metals like gold or palladium to prevent the charging of the sam-
ple. A charged sample could interfere with the beam resulting in poor
imaging quality. The detected signal has many contributions: secondary
electrons, back scattered electrons, X-ray and cathodoluminescence pho-
tons. That signal is detected and transferred to an amplifier. In the am-
plifier the primary electronic signal can be discerned from the rest. This
signal provides information about the contour of the sample. A diagram
of the whole experimental setup can be seen in figure 2.11.
The resolution of electron microscopy is much higher than optical mi-
croscopy since the wavelength of the electrons depends on the inverse of
its momentum according to De Broglie equation:
d =
h
mv
(2.2)
Where h is Planck’s constant, m is the mass of the electron and v is the
speed of the electron. The magnification limit can be higher than 500,000
times which is hundreds of times the one of the best optical microscopes.
The resolution limit is around 1 nm which is a thousand times lower than
the limit of optical microscopy. This high resolution permits the detailed
inspection of the colloids’ surface leading to accurate measurements on
the size of the colloids and optimal observation of their shape.
Unfortunately the whole process is carried out under vaccum, the col-
loids can’t be dispersed in a liquid phase. Thus no information about the
stability or the motion can be extracted.
18
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Figure 2.11: Schematic of an scanning electron microscope. In a scanning elec-
tron microscope, electrons are first emitted thermionically from a tungsten fila-
ment. When a high voltage difference is applied to the extremes of the filament, a
high current goes through the filament and the temperature increases enough to
emit electrons. The beam is formed when passing through a small aperture. This
beam is then condensed electromagnetically and passes through a spray aperture.
Then the defletion coils orientate the beam in the desired direction using the same
principle. After interaction with the atoms of the sample a very extensive signal
is analysed in an amplifier.
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Chapter3
Experimental
3.1 Materials
Name Formula Product description Supplier Safety info
Azobisisobutyronitrile (AIBN) C8H12N4 ACS reagent, 28.0 to 30.0% NH3 basis Sigma-Aldrich
Bovine Serum Albumin (BSA) Protein lyophilized powder, BioReagent, suitable for cell culture, ≥ 96% (agarose gel electrophoresis) Sigma-Aldrich
N,N-Dimethylformamide (DMF) C3H7NO ACS reagent, ≥99.8% Sigma-Aldrich
Dimethyl Sulfoxide (DMSO) C2H6SO ACS reagent, ≥99.9% Sigma-Aldrich
D-glucose C6H12O6 D-(+)-Glucose-≥99.5% (GC) Sigma-Aldrich
DOPE-PEG-Biotin C142H228N5O56PS 1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N-[biotinyl(polyethylene glycol)-2000] Avanti Polar Lipids
DOPE-rhodamine C68H109N4O14PS2 1,2-dioleoyl sn-glycero-3-phosphoethanolamine-N-(lissamine rhodamine B sulfonyl) Avanti Polar Lipids
Divinylbenzene (DVB) C10H10 Technical grade, 55 %, contains ≥ 1500ppm p-tert-butylcatechol as inhibitor Sigma-Aldrich
Ethylene glycol dimethacrylate C10H14O4 98 %, contains 90-110 ppm monomethyl ether hydroquinone as inhibitor Sigma-Aldrich
Fluoresceinamine C20H13NO5 Isomer I Sigma-Aldrich
Hydroquinone C6H6O2 ReagentPlus R©≥ 99.5 % Sigma-Aldrich
Methyl Methacrylate (MMA) C5H8O2 contains ≥30 ppm MEHQ as inhibitor, 99% Sigma-Aldrich
Methacrylic acid (MAA) C4H6O2 99.5%, extra pure, stabilised Acros Organics
Potassium persulfate (KPS) K2O8S2 Puriss. p.a., ACS reagent, ≥ 99.0 % (RT) Sigma Aldrich
Sodium Azide NaN3 Acros Organics
Sodium bisulfite NaHSO3 ACS reagent, mixture of NaHSO3 and Na2S2O2 Sigma-Aldrich
Sodium dodecyl sulfate (SDS) NaC12H25SO4 ReagentPlus R©≥ 98.5 % (GC) Sigma-Aldrich
Styrene C8H8 ReagentPlus R©contains 4-tert-butylcatechol as stabilizer ≥ 99 % Sigma-Aldrich
Inhibitor-free styrene C8H8 Styrene, inhibitor removed by a prepacked column for removing 4-tert-butylcatechol and filtered with a 0.45 µm PTFE filter Sigma-Aldrich
Vinylbenzyl Chloride (VBC) C9H9Cl 4 - Vinylbenzyl chloride - 90 % Sigma Aldrich
Water H2O Water filtered using a MilliQ filtering system MilliPore
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3.2 Methods
3.2.1 Polystyrene colloids
Synthesis of linear polystyrene colloids
Linear polystyrene colloids of roughly 800 nm in diameter were synthe-
sised using a surfactant free emulsion polymerisation method. Here, 112.2
mg of KPS, 0.5% wt relative to styrene, was dissolved in 112 ml of water
in a 250 ml two-necked round bottom flask. The larger neck was shut with
a rubber stopper and the smaller arm was shut with a glass stopper and
a clamp in order to keep it tight. The mixture was magnetically stirred
at 400 rpm for five minutes. Then the mixture was flushed with N2(g)
for 20 minutes. The reaction flask was transferred to a preheated oil bath
(70 ◦C) and magnetically stirred at 350 rpm and after a few minutes 22.5
ml of inhibitor-free styrene was added quickly to the mixture through the
smaller neck using a funnel. The reaction mixture was bubbled with N2(g)
again for approximately a minute. Within thirty minutes the colour of the
reaction mixture changed from colourless and transparent to bluish and
transparent, which indicated small nuclei had formed. The flask was left
in the oil bath for 24 h and finally stored in a 500 ml glass bottle with a
plastic cap.
The first batch of colloids synthesised, LPS S1, aggregated upon wash-
ing. Therefore, a second synthesis, LPS S2, was performed. The LPS S2
dispersion was not washed after synthesis and used as obtained in the
crosslinking steps to prevent aggregation. Another batch of linear polystyrene
colloids, SFPS011, was provided by Casper Van der Wel. These colloids
were synthesised according to a method described by Appel et al. [12] and
contained carboxilic acid groups on the particle surface.
Crosslinking of linear polystyrene colloids
A typical crosslinking procedure will be described here and the exact amount
of chemicals used in the individual syntheses can be found in table 3.1. In
a 40 ml cylindrical glass flask, a volume of 15 ml of 2.04 % wt dispersion
MilliQ filtered water was used in all experiments unless stated otherwise.
22
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from LPS S1 was poured. Then 0.5 ml of SDS 10 % wt and 1 ml of hydro-
quinone (0.036% wt in water) were added in that respective order. Then 1.7
ml of swelling solution containing inhibitor-free styrene with 2% wt AIBN
and 1.5% V DVB was quickly added. The flask was kept rotating slowly
by hand, shortly bubbled with N2(g) to remove oxygen, sealed with teflon
tape and wrapped with aluminium foil to prevent the formation of rad-
icals by UV-light that could induce polymerisation. Right after covering
with aluminium foil the flask was placed on a tumbler at 20 rpm.
After 24 h the reaction flask was transferred to a preheated oil bath (75
◦C) initiating the polymerisation. In the case of CPS S1, the mechanical
stirrer was set at 60 rpm and at a 45 degree angle with respect to the bath.
After more than 24 h the flask was removed from the oil bath.
Two batches of crosslinked polystyrene colloids were synthesised by
swelling linear polystyrene colloids of LPS S1 batch, one batch by swelling
colloids of LPS S2 batch and another one by swelling colloids of SFPS011.
Chlorination of cross-linked polystyrene colloids
The chlorination procedure is based on swelling crosslinked polystyrene
colloids with VBC. The usual procedure will be described in detail in this
section and the exact amount of chemicals for each experiment can be
found in table 3.2. In the case of CPS S3 Cl 1, 0.625 ml dispersion of
batch CPS S3 with a solid content of 13.1% wt was used. To this disper-
sion 12.82 ml of water was added to adjust the concentration of NaSO3
which will be added after rising the temperature. Then 60 µl of SDS (10
% wt) was added. The swelling solution was prepared by mixing 0.628
ml of VBC and 9.57 µl of DVB. From this swelling solution 0.213 ml was
quickly added to the dispersion. The reaction flask was rotated slowly by
hand, shortly bubbled with N2(g) to remove oxygen, sealed with teflon
tape and wrapped with aluminium foil to prevent the formation of rad-
icals by UV-light that could induce polymerisation. Right after covering
with aluminium foil the flask was placed on a tumbler at 20 rpm.
After 24 h in the tumbler, the flask was allowed to heat up for 10 min-
utes in a preheated oil bath at 65 ◦C. While mechanically stirred at 60 rpm
under a 45 degree angle, 2.5 ml of the initiator solution containing 8.45 mg
KPS and 6.67 mg NaSO3 was quickly poured into the flask. This initiator
solution reduces the temperature at which the radicals for the polimerisa-
tion form by means of a redox reaction. After 6.5 hours the reaction flask
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Table 3.2: Amount of chemicals used for the different syntheses of the chlorina-
tion of linear crosslinked polymer colloids. The procedure was equal for all of the
experiments.
Sample Crosslinked seeds Styrene VBC DVB SDS KPS NaSO3
Batch (ml) (% wt.) (µl) (µl) (µl) (µl) (mg) (mg)
CPS S3 Cl 1 CPS S3 5.475 1.49 No Sty. 210 3.2 60 8.45 6.67
CPS S3 Cl 2 CPS S3 5.475 1.49 No Sty. 210 3.2 270 8.45 6.67
CPS S5 Cl 1 CPS S3 5.664 1.37 No Sty. 20.9 0.32 No SDS 9.02 6.61
CPS S5 Cl 2 CPS S3 5.664 1.37 No Sty. 20.9 0.32 6 9.02 6.61
CPS S5 Cl 3 CPS S3 12.902 0.6 251.2 167.5 6.4 540 17.53 13.03
CPS S6 Cl 1 CPS S6 24.39 1.37 No Sty. 90 1.38 No SDS 36.5 27.5
CPS S6 Cl 2 CPS S6 24.39 1.37 No Sty. 90 1.38 103.3 36.5 27.5
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was removed from the oil bath.
The main difference between the first batch CPS S3 Cl and the rest of
the batches is the reduction in the amount of the swelling agent and conse-
quently the amount of SDS. This reduction was due to the observed results
of the first synthesis. The third batch CPS S6 Cl corresponds to the chlo-
rination of the crosslinked carboxilic acid functionalised colloids from the
CPS S6 batch.
In order to find out whether there was chlorine on the surface of the
colloids, fluoreceinamine was added to the dispersions. According to the
literature, the fluoreceinamine is expected to bind specifically to chlorine
groups [13]. The fluoreceinamine was dissolved and redispersed in dimethyl
sulfoxide (DMSO) with a concentration of approximately 35 mg/ml. This
solution was kept wrapped with aluminium foil and the same concentra-
tion was used for all of the experiments. Different volumes of this dye so-
lution were added to 1.5 ml microtubes containing the different samples.
The exact volumes added to the samples can be consulted in table 3.3. Af-
ter the dye was added to the dispersions, they were placed in a mechanical
shaker for at least one day.
Chlorination and crosslinking of polystyrene colloids
A typical synthesis procedure where crosslinking and chlorination were
performed in one step will be described here. The exact amounts of chem-
icals of the different syntheses can be found in table 3.4. For the CPS S4 Cl
1 experiment, to 0.625 ml of a dispersion (13.1% wt) of LPS S2 4.85 ml of
water was added followed by 130 µl of SDS (10 % wt). Then 0.425 ml of
swelling solution containing 59.1% vol. styrene, 39.4% vol. VBC and 1.5%
vol. DVB was added to the reaction flask. The reaction flask was rotated
slowly by hand, shortly bubbled with N2(g) to remove oxygen, sealed with
teflon tape and wrapped with aluminium foil to prevent the formation of
radicals by UV-light that could induce polymerisation. Right after cover-
ing with aluminium foil the flask was placed at a tumbler at 16 rpm.
After 24 h in the tumbler, the flask was allowed to heat up for 10 min-
utes in a preheated oil bath at 65 ◦C. While mechanically stirred at 60 rpm
under a 45 degree angle, 2.5 ml of the initiator solution containing 8.45 mg
KPS and 6.67 mg NaSO3 was quickly poured into the flask. This initiator
solution reduces the temperature at which the radicals for the polimerisa-
tion form by means of a redox reaction. After 6 hours the reaction flask
26
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Table 3.3: Volumes of dye solution added to the chlorination synthesis disper-
sions.
Sample Chlor. Cross. seeds Dying solution
(ml) (% wt.) (µl)
CPS S3 Cl 1 1.5 1.7 88.9
CPS S3 Cl 2 1.5 2.6 135.6
CPS S5 Cl 1 1.5 0.5 14.6
CPS S5 Cl 2 1.5 0.4 12.9
CPS S5 Cl 3 1.5 1 30.6
Table 3.4: Amount of chemicals used for the different syntheses of the crosslink-
ing and chlorination of linear polystyrene colloids. The procedure was equal for
all of the experiments.
Sample Seed particle Styrene VBC DVB SDS KPS NaSO3
Batch (ml) (% wt.) (µl) (µl) (µl) (µl) (mg) (mg)
CPS S2 Cl 1 LPS S2 12.446 0.63 502 125 9.56 1000 17.22 13
CPS S2 Cl 2 LPS S2 12.446 0.63 377 251 9.56 1000 17.22 13
CPS S4 Cl 1 LPS S2 13.446 0.61 251 167 6.38 130 18.64 12.72
CPS S4 Cl 2 LPS S2 13.446 0.61 251 167 6.38 540 18.64 12.72
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Table 3.5: Volumes of dye solution added to the chlorination and crosslinking
synthesis dispersions.
Sample Chlor. cross. seeds Dying solution
(ml) (% wt.) (µl)
CPS S2 Cl 1 1.5 0.2 31.3
CPS S2 Cl 2 1.5 0.3 31.3
was removed from the oil bath.
The swelling solution of the synthesis of batches CPS S2 Cl 1, CPS S4
Cl 1 & CPS S4 Cl 2 consisted of 80% V styrene and 20% V VBC while the
swelling solution of the synthesis of batch CPS S2 Cl 2 consisted of 60% V
styrene and 40% V VBC. The amount of SDS used in syntheses CPS S4 Cl
1 & CPS S4 Cl 2 was reduced by a factor of 8 and 2 respectively compared
to the amount of SDS used in batches CPS S2 Cl 1 and CPS S2 Cl 2 where
the same amount was used.
In order to detect the presence of chlorine on the surface of the colloids,
fluoreceinamine (35 mg/ml DMSO) was added to 1.5 ml microtubes con-
taining dispersion. From literature it is known that this reaction occurs in
DMF at 90 ◦C [13]. To study whether this reaction also occurs in water and
at room temperature the reaction was performed in both water and DMF
at both room temperature and 90 ◦C. The exact amounts of dye added to
the dispersions are shown in table 3.5.
Protrusion formation of polystyrene colloids under swelling
By swelling crosslinked polystyrene spheres with monomer colloids with
protrusions can be obtained. A typical procedure, corresponding to the
synthesis of batch Sw. CPS S5 Cl 1, will be described. The exact amount of
chemicals for each experiment can be found in table 3.6. Here, to 350 µl of
styrene with AIBN (1.5% wt) 0.5 ml of dispersion (1.39% wt) of CPS S5 Cl
28
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1 was added followed by 3.5 ml of SDS (10% wt). The dispersion was mag-
netically stirred at 210 rpm for 24 h. Then the reaction flask was placed in
the oil bath at 75 ◦C for 24 h.
In the case of the synthesis of batches Sw. CPS S6 Cl 1-2 and Sw.
CPS S7 Cl 1-2, the dispersion was magnetically stirred for three days in-
stead of one and the initiator dissolved in extra monomer was added after
3 hours in the oil bath. For the syntheses of batches Sw. CPS S6 Cl 1 and
Sw. CPS S7 Cl 1 the initiator was dissolved in 400µl of styrene with 2% wt
AIBN and for the syntheses of batches Sw. CPS S6 Cl 2 and Sw. CPS S7 Cl
2 it was dissolved in 300µl of MM:MA (2% wt).
The main differences among batches Sw. CPS S5 Cl 1-4 were the seeds
used and the swelling ratio. Thus experiments combining seeds of batches
CPS S5 Cl 1 & 2 with two swelling ratios (4.6 & 46) were performed. The
main differences among batches Sw. CPS S6 Cl 1-2 and Sw. CPS S7 Cl 1-2
were the monomer used and the functionalisation of the seeds. Thus ex-
periments combining two monomers (a solution of methyl methacrylate
(MMA) and methacrylic acid (MAA) & styrene) with two differently func-
tionalised colloids (sulfate functionalised CPS S5 Cl 1 for the Sw. CPS S7
& carboxilic acid functionalised CPS S6 Cl 2 for the Sw. CPS S6) were per-
formed. The corresponding crosslinkers were DVB in the case of styrene
and Ethylene Glycol Dimetharylate (EGDM) in the case of MM:MA.
The corresponding volumes of fluoreceinamine (35 mg/ml DMSO) added
to the microtubes with the different dispersions is included in table 3.7.
3.2.2 Giant Unilamellar Vesicles
The giant unilamellar vesicles (GUVs) were prepared using a method based
on literature [10]. These vesicles are formed by self-assembly caused by
exposure to standard electroswelling. A separate solution of glucose of
0.1 M was prepared by dissolving 975 mg of glucose in 50 ml of water.
In order to prevent bacterial growth, 2 ml of sodium azide was added
to the glucose solution. A volume of 10 µl of a lipid mixture in chloro-
form of 97.5% w/w DOPC, 2% w/w DOPE-PEG-biotin, and 0.5% w/w
DOPE-rhodamine is spread on the conducting side of each electrode in a
snakelike pattern. Then the electrodes are allowed to dry for 2 hours in the
vacuum exsiccator. The teflon electroswelling cell is filled with the coated
electrodes separated by a teflon spacer and 1.8 ml of the glucose solution.
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Table 3.7: Volumes of dye solution added to the protrusion formation synthesis
dispersions.
Sample Swollen Chlor. cross. seeds Dying solution
(ml) (% wt.) (µl)
Sw. CPS S6 Cl 1 1.5 0.2 3
Sw. CPS S6 Cl 2 1.5 0.1 3
Sw. CPS S7 Cl 1 1.5 2.5 12.9
Sw. CPS S7 Cl 2 1.5 0.1 3
The cell is exposed to a peak to peak current of 4 V (10 Hz) for 2 hours
with a gentle linear increase for the first two minutes. In order to prevent
attachment to the walls a 5ml glass vial is first filled with BSA solution (5
g/L) once and then rinse with the 0.1 M glucose solution for three times.
The GUVs are transferred to this vial using a cut-off pipet to prevent me-
chanical stress from destroying the vesicles.
Three experiments 1, 2 & 3 were carried out in order to analyse the
effect of crosslinked colloids by surfactant synthesis on the GUVs. For the
first and the second experiment the same concentration of colloids was
employed but the procedure differed slightly since the tip of the pipet was
not introduced in contact with the sample during the second. The different
components added in each experiment for the observation of the samples
are included in table 3.8.
3.3 Analysis techniques
3.3.1 Bright field and confocal analysis
Bright field and confocal microscopy were used to study the stability and
the fluorescence of colloids. For the observation of the samples, both cover
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Table 3.8: Components of each experiment for the observation of the effect of
colloids with SDS on GUVs
Experiment PBS buffer Crosslinked colloids GUVs Con. of colloids
(µl) (µl) (% wt.) (µl) (% wt.)
1 & 2 50 1 4.7 2 0.09
3 50 1 2 2 0.04
slips and capillaries were employed. These can be seen in figure 3.1. In
the case of the cover slips, a droplet is deposited on a microscope slide
with a Pasteur pipette. Then a cover slip is placed on top and sealed with
tape. For the capillaries, they were submerged in the solution until the
capillaries were filled. Then the capillaries were glued at the ends to a
microscope slide with UV-glue. The glue was hardened by exposing it
to UV light for 15 mins. The microscope utilised was a Nikon Eclipse Ti
microscope with a 100 x oil objective.
Optical microscopy analysis of GUVs with crosslinked polystyrene col-
loids
To study the effect of crosslinked polystyrene colloids stabilised by SDS
on GUVs, metal rings holders were used. One of these holders can be seen
in figure 3.1. These holders can be unscrewed and a circular glass cover
can be slide inside. On top of this cover a teflon inner ring is integrated
so that the sample is not in contact with the metal ring. This teflon ring
is hermetically contained within the metal ring. Then this cover is rinsed
with BSA solution (5 g/L) three times so that adherence of the vesicles
to the glass is forestalled. The ring is then filled with 50 µl of PBS buffer
100 mOsm (50 mM NaCl), 1 µl of crosslinked polystyrene colloids (0.04
or 0.09 % wt) of batch Cas 2a and 2 µl of the 100 mOsm vesicles. Note
that the vesicles must be the last added using a cut-off pipet and that the
concentration of polystyrene is reduced by approximately a factor of fifty
in the sample. This sample was then observed with the optical microscope
in the bright field and the confocal mode.
32
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Figure 3.1: Optical microscope sample’s holders left) sample is trapped between
a cover slip sealed with tape and a microscope slide, center) 0.1 x 2 mm capillaries
glued with UV-glue to slide right) metal ring holder with inner teflon ring. The
width between the two glass interfaces affects the motion of the colloids. That’s
why capillaries are used to avoid drift due to evaporation. In the case of the
GUVs since they are extremely sensitive to mechanical stress and considerably
large, metal ring holders are used.
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Confocal microscopy analysis of Janus particles
When the protrusion is formed on the seeds it is necessary to observe the
fluorescence on both the protrusion and the seed after adding the dye. In
order to detect that difference some adjustments in the confocal mode of
the microscope were made. The galvano mode for confocal microscopy
was used with a laser wavelength of 488 nm and a pinhole diameter of
61.3 µm. The pixel dwell time was 5.2 µs, the image size was 64x64 pixels
and the frame time was 65.1 ms. The reason for these changes was that the
fluorescence was very low but photobleaching had to be prevented at the
same time.
3.3.2 Scanning electron microscopy analysis
To study the synthesised colloids in detail SEM was used. SEM samples
were prepared by washing the colloids at least three times before they
were deposited on a SEM stub. To improve conductivity the stubs were
sputter coated with Pt/Pd atoms for 200 s at 20 mA at a tilted angle and
while rotating.
SEM imaging was performed at a FEI nanoSEM Scanning Electron mi-
croscope at 15kV and a spotsize of 3.5 . SEM micrographs were used to
study the surface roughness and to determine the size of the colloids. The
average size of the colloids was determined manually using ImageJ. For
each sample 50-200 colloids were measured to obtain a reliable value for
the average size and the corresponding standard deviation.
34
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Results and Analysis
4.1 Polystyrene colloids
4.1.1 Synthesis of linear polystyrene colloids
Two syntheses of linear polystyrene colloids were performed resulting in
batches LPS S1 and LPS S2. In both syntheses spherical colloids were ob-
tained. They were stable in dispersion, as it can be seen in the optical
microscopy images of batch LPS S1 and LPS S2 shown in figure 4.1a and
figure 4.1b respectively. SEM micrographs of these two batches are shown
in figure 4.1c and figure 4.1d . It can be observed that spherical colloids
with a smooth surface are obtained. By analysing SEM micrographs, the
average diameter of the LPS S1 colloids was determined to be 0.81 ± 0.04
µm with a polydispersity of 4.9%. The average diameter of the LPS S2 col-
loids was determined to be 0.84 ± 0.02 µm with a polydispersity of 2.6%.
The colloids from the LPS S1 batch became aggregated upon washing
during three cycles of centrifugation at 2000 rpm for 1h and redispersion
for at least 20 minutes in a mechanical shaker. In order to restabilise them
SDS was added and the mixture was redispersed for one day. Although
the aggregates decreased in size, aggregation persisted. Therefore in order
to prevent aggregation of the colloids SDS was added before washing. In
the case of LPS S2 aggregation was successfully prevented.
In conclusion, two batches of stable monodisperse linear polystyrene
colloids of roughly 800 nm in diameter were synthesised. To prevent ag-
gregation the colloids have to be washed in the presence of surfactant
(SDS).
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(a) (b)
(c) (d)
Figure 4.1: Optical microscopy images and SEM micrographs of the linear
polystyrene colloids a) Optical microscopy image of colloids of batch LPS S1
dispersed in water b) Optical microscopy image of colloids of batch LPS S2 dis-
persed in water c) SEM micrograph of colloids of batch LPS S1 of 0.81 ± 0.04
µm in size with a polydispersity of 4.9% d) SEM micrograph of colloids of batch
LPS S2 of 0.84 ± 0.02 µm in size with a polydispersity of 2.6%.
36
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(a) (b)
Figure 4.2: Optical microscopy images of crosslinked polystyrene colloids from
CPS S1 1 and CPS S1 2 batches a) Optical microscopy images of crosslinked
polystyrene colloids synthesised in the presence of SDS b) Optical microscopy
images of crosslinked polystyrene colloids synthesised in the absence of SDS
4.1.2 Crosslinking of linear polystyrene colloids
Four batches of crosslinked polystyrene particles were synthesised by swelling
sulfate or carboxylic acid functionalised linear polystyrene colloids with
styrene and DVB. Crosslinking of sulfate functionalised colloids from LPS S1
was performed with and without SDS, resulting in batches CPS S1 1 &
CPS S1 2 respectively. In figure 4.2 optical microscopy images of the ob-
tained crosslinked colloids are shown. Here it can be seen that the colloids
obtained by crosslinking linear seed particles in the presence of surfactant
were spherical and stable (see figure 4.2a) and that without surfactant very
large aggregates are formed (see figure 4.2b). Thus surfactant is required
to obtain a stable dispersion.
In figure 4.3a and figure 4.3b SEM micrographs of these crosslinked
colloids are shown. By analysing SEM micrographs of the colloids of the
CPS S1 1 batch the average diameter of the colloids was determined to be
1.2± 0.2 µm with a polydispersity of 14.6%. No measurements on the size
could be done for the second synthesis given the aggregation. The high
polydispersity of the colloids of the CPS S1 1 batch was due to the aggre-
gation of the initial linear polystyrene colloids of LPS S1 before crosslink-
ing. The aggregated colloids merge together upon swelling resulting in
larger spherical colloids.
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(a) (b)
Figure 4.3: SEM micrographs of crosslinked polystyrene colloids from CPS S1 1 &
2 batches a) SEM micrograph of crosslinked polystyrene colloids of 1.2 µm ± 0.2
µm in size with a polydispersity of 14.6% obtained by swelling aggregated linear
polystyrene colloids in the presence of SDS b) SEM micrograph of crosslinked
polystyrene colloids synthesised in the absence of SDS
In order to avoid aggregation linear polystyrene colloids were used for
the crosslinking without washing after synthesis (LPS S2). The crosslink-
ing step was performed with SDS resulting in monodisperse colloids with
a smooth surface (see figure 4.4a). By analysing these micrographs the av-
erage diameter of these colloids was determined to be 1.18± 0.03 µm with
a polydispersity of 2.9%.
To obtain crosslinked carboxylic acid functionalised colloids, linear col-
loids with a carboxylic acid functionalisation were used. A SEM micro-
graph of the crosslinked colloids from the resulting batch, CPS S6, is shown
in figure 4.4b. Here, it can be seen that the colloids were monodisperse
with a smooth surface. By analysing these micrographs the average diam-
eter of these crosslinked polystyrene colloids was determined to be 1.56 ±
0.03 µm with a polydispersity of 1.9%.
In conclusion, four crosslinking syntheses were performed resulting in
four batches of crosslinked colloids. Monodisperse crosslinked colloids
are obtained when the linear seed particles are well-dispersed during the
crosslinking procedure. To assure the stability of both the seed and the
crosslinked particles surfactant is required. Both the sulfate and the car-
38
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(a) (b)
Figure 4.4: SEM micrographs of crosslinked polystyrene colloids from CPS S3
& CPS S6 batches a) SEM micrograph of sulfate functionalised crosslinked
polystyrene colloids of 1.18 µm ± 0.03 µm in size with a polydispersity of 2.9%
b) SEM micrograph of carboxylic acid functionalised crosslinked polystyrene col-
loids of batch CPS S6 of 1.56 µm ± 0.03 µm in size with a polydispersity of 1.9%.
boxylic acid functionalised crosslinked colloids were spherical, monodis-
perse and with a smooth surface. The average sizes of all of the crosslinked
colloids together with the diameter growth compared to the initial linear
polymer colloids is included in table 4.1.
4.1.3 Chlorination of polymer seeds
To obtain chlorine functionalised colloids, crosslinked polystyrene coloids
were swollen with VBC. In the five experiments performed the concentra-
tion of VBC, the concentration of surfactant and the properties of the seed
particles was varied.
By swelling crosslinked polystyrene colloids with a high concentra-
tion of VBC (S=2.8) µm-mm sized aggregates of chlorinated colloids were
obatined, which can be seen in the optical microscopy image shown in
figure 4.5a. When this experiment was repeated in the presence of a high
concentration of the surfactant SDS to stabilise the particles, aggregates
were formed as well (figure 4.5b). From SEM images of these colloids,
shown in figure 4.6, it can be seen that small nuclei were formed acting as
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Table 4.1: Size of the crosslinked particles and growth compared to the initial
linear polymer colloids.
Sample Diameter (µm) Polydispersity (%) Diameter growth (µm)
CPS S1 1 1.2 ± 0.2 14.6 0.36 ± 0.2
CPS S3 1.18 ± 0.03 2.9 0.34 ± 0.05
CPS S6 1.56 ± 0.03 1.9 0.50 ± 0.05
a matrix that connect the colloids, resulting in large aggregates. Analysis
of confocal microscopy images (see figure 4.7) reveals that the secondary
nucleation consist of mainly VBC, since the fluorescent intensity signal
of these nuclei is high and the dye (fluoresceinamine) is known to react
specifically with chlorine groups. Besides the high intensity signal from
the secondary nuclei, fluorescence is also observed at the surface of the
colloids. This indicates that chlorine groups have been absorbed to the
surface of the crosslinked polystyrene colloids.
To avoid aggregation the functionalisation procedure was performed
with a low concentration of VBC (S=0.28) with no or little SDS present.
Bright field microscopy images of the chlorinated colloids in the absence
of SDS (CPS S5 Cl 1) and with little SDS (CPS S5 Cl 2) can be seen in fig-
ure 4.8a and figure 4.8b respectively. Here, it can be seen that the colloids
were forming stable dumb-bells. In figure 4.9a and figure 4.9b SEM mi-
crographs of chlorinated colloids in the absence of SDS or with little are
shown respectively. It can be observed that single and dumb-bell colloids
together with some colloidal clusters were obtained. By analysing SEM
micrographs the average diameters of these chlorinated colloids were de-
termined to be 1.19 ± 0.02 µm with a polydispersity of 2.1% and 1.19 ±
0.03 µm with a polydispersity of 2.2% respectively. The difference in SDS
between the two synthesis was not significant to show different results. A
confocal microscopy image of a chlorinated colloids at a low concentration
of VBC is shown in figure 4.10.
One of the chlorination synthesis (CPS S5 Cl 3) was performed by swelling
40
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(a) (b)
Figure 4.5: Optical microscopy images of chlorinated crosslinked polystyrene col-
loids from CPS S3 Cl 1 and CPS S3 Cl 2 batches a) Optical microscopy image of
chlorinated crosslinked colloids of batch CPS S3 Cl 1 b) Optical microscopy image
of chlorinated crosslinked colloids of batch CPS S3 Cl 2
(a) (b)
Figure 4.6: SEM micrographs of chlorinated crosslinked polystyrene colloids
from CPS S3 Cl 1 & CPS S3 Cl 2 batches a) SEM micrograph of chlorinated
crosslinked colloids of batch CPS S3 Cl 1 b) SEM micrograph of chlorinated
crosslinked colloids of batch CPS S3 Cl 2
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Figure 4.7: Confocal microscopy image of chlorinated crosslinked polystyrene
colloids from CPS S3 Cl 1. An example of secondary nucleation is surrounded in
this picture with a yellow circle. An example of a fluorescent ring suggesting the
presence of chlorine on the surface of the collloids is surrounded with a red circle
in the picture. An example of a colloid with secondary nucleation attached (bright
fluorescent spots smaller than the colloids) is surrounded with a blue circle.
42
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(a) (b)
Figure 4.8: Optical microscopy images of chlorinated crosslinked colloids from
CPS S5 Cl 1 & 2 batches a) Optical microscopy image of chlorinated crosslinked
colloids of batch CPS S5 Cl 1 b) Optical microscopy image of chlorinated
crosslinked colloids of batch CPS S5 Cl 2
(a) (b)
Figure 4.9: SEM micrographs of chlorinated crosslinked polystyrene colloids
from CPS S5 Cl 1 & CPS S5 Cl 2 batches a) SEM micrograph of chlorinated
crosslinked colloids of batch CPS S5 Cl 1 of 1.19 ± 0.02 µm in size with a poly-
dispersity of 2.1% b) SEM micrograph of chlorinated crosslinked colloids of batch
CPS S5 Cl 2 of 1.19 ± 0.03 µm in size with a polydispersity of 2.2%
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Figure 4.10: Confocal microscopy image
of a chlorinated crosslinked colloid from
CPS S5 Cl 1 batch. The fluorescent ring
suggests the presence of chlorine on the
surface.
crosslinked polystyrene colloids with a mixture of styrene 60% V and VBC
40% V (S= 5.3). In this synthesis spheres of polystyrene as secondary nu-
cleation were observed, which can be seen in figure 4.11a. Also some col-
loidal clusters covered by a thin smooth layer of polystyrene could be seen
with SEM microscopy (figure 4.11b). From the analysis of these SEM mi-
crographs the average diameter of the single chlorinated crosslinked col-
loids was determined to be 1.23 ± 0.03 µm with a polydispersity of 2.4%.
Crosslinked polystyrene colloids functionalised with both chlorine and
carboxylic acid groups were synthesised by swelling carboxylic acid func-
tionalised crosslinked colloids with a low concentration of VBC and with
no (CPS S6 Cl 1) or little (CPS S6 Cl 2) SDS present. The results were sin-
gle monodisperse colloids with a smooth surface, which can be seen in
figure 4.12a and figure 4.12b. By analysing SEM micrographs the average
diameters were determined to be 1.55 ± 0.03 µm with a polydispersity of
2% and 1.55 ± 0.02 µm with a polydispersity of 1.5% for colloids synthe-
sised with and without SDS respectively.
In conclusion, sulfate and carboxylic acid functionalised crosslinked
colloids were successfully chlorinated by swelling crosslinked polystyrene
colloids with VBC. When the concentration of VBC during the synthe-
sis is high (S=2.8), a lot of secondary nucleation is formed since VBC is
not an optimal swelling agent. While sulfate functionalised crosslinked
polystyrene colloids formed clusters during the chlorination, the carboxylic
acid functionalised chlorinated colloids were single with a smooth surface.
This suggests that the stability of the colloids due to the sulfate groups is
lower than the stability given to the colloids by the carboxylic acid groups.
The sizes of the chlorinated crosslinked colloids can be consulted in ta-
ble 4.2.
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(a) (b)
Figure 4.11: Optical microscopy image & SEM micrograph of chlorinated
crosslinked polystyrene colloids from CPS S5 Cl 3 batch a) Optical microscopy
image of chlorinated crosslinked colloids of batch CPS S5 Cl 3 dispersed in water
b) SEM micrograph of chlorinated crosslinked colloids of batch CPS S5 Cl 3 of
1.23 ± 0.03 µm in size with a polydispersity of 2.4%
Table 4.2: Size of the chlorinated particles and growth compared to the initial
crosslinked polymer colloids.
Sample Diameter (µm) Polydispersity (%) Diameter growth (µm)
CPS S5 Cl 1 1.19 ± 0.02 2.1 0.01 ± 0.05
CPS S5 Cl 2 1.19 ± 0.03 2.2 0.01 ± 0.06
CPS S5 Cl 3 1.23 ± 0.03 2.4 0.05 ± 0.06
CPS S6 Cl 1 1.55 ± 0.03 2 -0.01 ± 0.06
CPS S6 Cl 2 1.55 ± 0.02 1.5 -0.01± 0.05
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(a) (b)
Figure 4.12: SEM micrographs of chlorinated crosslinked polystyrene colloids
from CPS S6 Cl 1 & CPS S6 Cl 2 batches a) SEM micrograph of chlorinated
crosslinked colloids of batch CPS S6 Cl 1 of 1.55 ± 0.03 µm in size with a poly-
dispersity of 2% b) SEM micrograph of chlorinated crosslinked colloids of batch
CPS S6 Cl 2 of 1.55 ± 0.02 µm in size with a polydispersity of 1.5%
4.1.4 Chlorination and crosslinking of polystyrene colloids
Four syntheses were performed to obtain chlorinated crosslinked polystyrene
particles by swelling linear polystyrene colloids with styrene and VBC.
Chlorinated crosslinked polystyrene colloids were obtained by swelling
linear polystyrene colloids with swelling solutions consisting of 80 % V
styrene and 20 % V VBC (CPS S2 Cl 1) & 60% V styrene and 40% V VBC
(CPS S2 Cl 2). In both cases, the colloids were spherical and stable which
can be seen in figure 4.13. Under SEM microcopy, the colloids were spher-
ical but with a rough surface (figure 4.14). By analysing SEM micrographs
the average diameters of the colloids were determined to be 0.95± 0.04 µm
with a polydispersity of 3.7% when swollen with a higher ratio of styrene
and 0.89 ± 0.02 µm with a polydispersity of 2.7% when swollen with a
lower ratio of styrene. The size and the growth compared to the initial lin-
ear polystyrene colloids can be consulted in table 4.3. The increase in size
was very low when compared to the increase in size during the crosslink-
ing experiments shown in table 4.1.
The chlorinated crosslinked colloids reacted with fluoresceinamine in
46
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(a) (b)
Figure 4.13: Optical microscopy images of chlorinated crosslinked colloids from
CPS S2 Cl 1 & 2 batches a) Optical microscopy image of chlorinated crosslinked
colloids of batch CPS S2 Cl 1 b) Optical microscopy image of chlorinated
crosslinked colloids of batch CPS S2 Cl 2
(a) (b)
Figure 4.14: SEM micrographs of chlorinated crosslinked polystyrene colloids
from CPS S2 Cl 1 & CPS S2 Cl 2 batches a) SEM micrograph of chlorinated
crosslinked colloids of batch CPS S2 Cl 1 of 0.95 ± 0.04 µm in size with a poly-
dispersity of 3.7% b) SEM micrograph of chlorinated crosslinked colloids of batch
CPS S2 Cl 2 of 0.89 ± 0.02 µm in size with a polydispersity of 2.7%
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Table 4.3: Size of the chlorinated and crosslinked particles and growth compared
to the initial linear polystyrene colloids.
Sample Diameter (µm) Polydispersity (%) Diameter growth (µm)
CPS S4 Cl 1 0.95 ± 0.04 3.7 0.11 ± 0.06
CPS S4 Cl 2 0.89 ± 0.02 2.7 0.05 ± 0.04
water and DMF at room temperature and at high temperature. The col-
loids which were transferred to DMF dissolved in it (figure 4.15) sug-
gesting that they were not crosslinked since it is known from literature
that crosslinked polystyrene colloids don’t dissolve in DMF [13]. In fig-
ure 4.15b some polystyrene chains resulting from the dissolution of lin-
ear polystyrene colloids can be observed. To study whether the binding
of the fluoresceinamine was specific to the chlorine groups, a solution
of linear polystyrene colloids and fluoreceinamine was prepared. Opti-
cal microscopy images of the chlorinated polystyrene colloids with flu-
oreceinamine and linear polystyrene colloids with fluorecesinamine are
shown in figure 4.16. Here it can be seen that the chlorinated polystyrene
colloids exhibit fluorescent rings while the linear polystyrene colloids don’t.
This demonstrates that fluoreceinamine binds specifically to chlorine groups.
To increase the crosslinking of the colloids during the synthesis lin-
ear polystyrene colloids were swollen with a solution consisting of 60%
V styrene and 40% V VBC with a 1.5 times lower swelling ratio at low
(CPS S4 Cl 1) and high (CPS S4 Cl 2) concentration of SDS. These colloids
dissolved when transferred to DMF.
In conclusion four different crosslinking and chlorination syntheses
were performed. In these syntheses the composition of the swelling so-
lution, the swelling ratio and the amount of SDS was varied. The re-
sulting colloids didn’t grow enough when compared to other experiments
and dissolved in DMF. This shows that they were not crosslinked. Thus
crosslinking and chlorination in one step synthesis was not feasible.
48
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(a) (b)
Figure 4.15: Optical microscopy images of chlorinated crosslinked colloids from
CPS S2 Cl 2 batch a) Optical microscopy image of chlorinated colloids of batch
CPS S2 Cl 2 dispersed in water b) Optical microscopy image of chlorinated col-
loids of batch CPS S2 Cl 2 dispersed in DMF
4.1.5 Protrusion formation of polymer colloids under swelling
Eight syntheses were performed to form protrusions on chlorinated crosslinked
polystyrene colloids with different functionalisation. In six of these syn-
thesis sulfate functionalised crosslinked polystyrene colloids were used
and in two of them carboxylic acid functionalised crosslinked polystyrene
colloids were used.
Sulfate functionalised crosslinked polystyrene colloids were swollen
with styrene at swelling ratios of 4.6 (Sw. CPS S5 Cl 2), 46 (Sw. CPS S5 Cl
1) and 70 (Sw. CPS S7 Cl 1). SEM micrographs of colloids of these three
synthesis are included in figure 4.17. By analysing these micrographs the
average diameters of the single colloids were determined to be 1.18± 0.02
µm with a polydispersity of 1.9% when the swelling ratio was 4.6 and 1.31
± 0.08 µm with a polydispersity of 6.1% when the swelling ratio was 70.
This low increase in size for such different swelling ratios suggests that the
styrene didn’t swell the colloids. This implies that the excess of styrene nu-
cleated forming big polystyrene spheres when the swelling ratio was high
(figure 4.17c). The size and the growth compared to the initial chlorinated
crosslinked polystyrene colloids can be consulted in table 4.4.
To see if the low growth of the colloids was due to the seed colloids, the
procedure was repeated using sulfate functionalised crosslinked polystyrene
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(a) (b)
(c) (d)
Figure 4.16: Optical microscopy images of colloids of batches CPS S2 Cl 2 and
LPS S2 a) Optical microscopy image of chlorinated colloids of batch CPS S2 Cl 2
with fluoreceinamine b) Optical microcopy image of chlorinated colloids of batch
CPS S2 Cl 2 with fluoreceinamine (fluorescent light) c) Optical microscopy im-
age of linear colloids of batch LPS S2 with fluoreceinamine d) Optical microcopy
image of linear colloids of batch LPS S2 with fluoreceinamine (fluorescent light)
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Table 4.4: Size of the swollen crosslinked chlorinated particles and growth com-
pared to the initial chlorinated colloids.
Sample Diameter (µm) Polydispersity (%) Diameter growth (µm)
Swo. CPS S5 Cl 2 1.18 ± 0.02 1.9 -0.01 ± 0.05
Swo. CPS S5 Cl 4 1.17 ± 0.03 2.5 -0.02 ± 0.06
Swo. CPS S6 Cl 1 1.9 ± 0.1 7.3 0.3 ± 0.2
Swo. CPS S7 Cl 1 1.31 ± 0.08 6.1 0.1 ± 0.1
Swo. CPS S7 Cl 2 1.15 ± 0.05 4.6 -0.04 ± 0.07
colloids of a different batch at swelling ratios of 4.5 (Sw. CPS S5 Cl 4) and
44 (Sw. CPS S5 Cl 3). Since the results were equal, the origin of the seeds
in this case didn’t make any difference.
To study whether the binding of fluoresceinamine was specific to the
surface of the colloids, some polystyrene spheres with colloids attached
were observed. An example of this is shown in figure 4.18. Here it can be
seen that although there is some aspecific binding of fluoresceinamine to
the polystyrene sphere, the binding to the colloid is higher. The fluores-
cence was also detected using fluorescent light (figure 4.19).
In order to form protrusions sulfate and chlorine functionalised crosslinked
colloids were swollen with MM:MA at a swelling ratio of 45 (Sw. CPS S7
Cl 2). In this case a lot of protrusions were form, which can be seen in
figure 4.20. From the analysis of the micrographs the average diameter of
the single colloids was determined to be 1.15± 0.05 µm with a polydisper-
sity of 4.6%. The size and the growth compared to the initial chlorinated
crosslinked polystyrene colloids can be consulted in table 4.4. A confo-
cal microscopy image of one of the colloids with a protrusion is shown in
figure 4.21a. Here it can be seen that one of the hemispheres is more fluo-
rescent than the other one.
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(a) (b)
(c)
Figure 4.17: SEM micrographs of swollen chlorinated crosslinked polystyrene
colloids from Sw. CPS S5 Cl 2, CPS S5 Cl 1 & CPS S7 Cl 1 batches a) SEM mi-
crograph of swollen chlorinated crosslinked colloids of batch Sw. CPS S5 Cl 2
of 1.18 ± 0.02 µm in size with a polydispersity of 1.9% b) SEM micrograph of
swollen chlorinated crosslinked colloids of batch CPS S5 Cl 1 c) SEM micrograph
of swollen chlorinated crosslinked colloids of batch Sw. CPS S7 Cl 1
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(a) (b)
Figure 4.18: Optical microscopy images of swollen chlorinated crosslinked col-
loids from Sw. CPS S7 Cl 1 batch a) Bright field microscopy image of a swollen
chlorinated crosslinked colloid of batch Sw. CPS S7 Cl 1 with fluoreceinamine b)
Confocal microscopy image of a swollen chlorinated crosslinked colloid of batch
Sw. CPS S7 Cl 1 with fluoreceinamine
(a) Swollen CPS S5 Cl 4 bright field pic-
ture
(b) Swollen CPS S5 Cl 4 bright field flu-
orescent light picture
Figure 4.19: Optical microscopy images of chlorinated crosslinked colloids from
Sw. CPS S5 Cl 4 batch a) Optical microscopy image of a chlorinated crosslinked
colloid with a protrusion of batch Sw. CPS S5 Cl 4 with fluoreceinamine b) Op-
tical microscopy image of a chlorinated crosslinked colloid with a protrusion of
batch Sw. CPS S5 Cl 4 with fluoreceinamine (fluorescent light)
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Figure 4.20: SEM micrograph of swollen chlorinated crosslinked colloids of batch
CPS S7 Cl 2 of 1.15 ± 0.05 µm in size with a polydispersity of 4.6%, protrusions
indicated with red circles.
Finally, carboxylic acid and chlorine functionalised crosslinked colloids
were swollen with styrene at a swelling ratio of 70 (Sw. CPS S6 Cl 1) and
with MM:MA at a swelling ratio of 45 (Sw. CPS S6 Cl 2). When the col-
loids were swollen with styrene protrusions were formed, which can be
seen in figure 4.22a. However if the colloids were swollen with MM:MA
no protrusions were observed but colloidal clusters (figure 4.22b). Due
to this clustering only the average diameter of the colloids swollen with
styrene could be measured, this was determined to be 1.9 ± 0.1 µm with
a polydispersity of 7.3%. The size and the growth compared to the initial
chlorinated crosslinked polystyrene colloids can be consulted in table 4.4.
A confocal microscopy image of a colloid with a protrusion of batch Sw.
CPS S6 Cl 1 can be seen in figure 4.21b. Here it can be seen that one of the
hemispheres is more fluorescent than the other one.
In conclusion eight syntheses varying the functionalisation of the seeds,
the monomer used and the swelling ratio were performed. Only when
the functionalisation of the seeds was sulfate and the swelling agent was
MM:MA & when the functionalisation was carboxylic acid and the swelling
agent was styrene, protrusions were formed. Despite the little aspecific
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(a) (b)
Figure 4.21: Confocal microscopy images of swollen chlorinated crosslinked col-
loids with protrusions from Sw. CPS S6 Cl 1 & Sw. CPS S7 Cl 2 batches a) Con-
focal microscopy image of swollen chlorinated crosslinked colloids with a pro-
trusion of batch Sw. CPS S6 Cl 1 with fluoreceinamine b) Confocal microscopy
image of a swollen chlorinated crosslinked colloid with a protrusion of batch Sw.
CPS S7 Cl 2 with fluoreceinamine
(a) (b)
Figure 4.22: SEM micrographs of swollen chlorinated crosslinked polystyrene
colloids from Sw. CPS S6 Cl 1 & Sw. CPS S6 Cl 2 batches a) SEM micrograph of
swollen chlorinated crosslinked colloids of batch Sw. CPS S6 Cl 1 of 1.9 ± 0.1 µm
in size with a polydispersity of 7.3%, protrusions are indicated with red circles b)
SEM micrograph of swollen chlorinated crosslinked colloids of batch CPS S6 Cl
2, colloidal clusters indicated with red circles
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binding of fluoresceinamine to polystyrene, the fluorescence was brighter
in the seeds than in the protrusions.
4.2 Giant Unilamellar Vesicles
To study whether crosslinked colloids with SDS on the surface on the
GUVscan be attached to GUVs to study curvature mediated interactions,
three experiments where colloids were added to a GUV solution were per-
formed. In the absence of colloids, spherical GUVs of tens of microm-
eters in size were observed. A 3D reconstruction of confocal images of
such a GUV is shown in figure 4.23a. When colloids were introduced at a
high concentration (0.09 % wt) and by introducing the pipet into the GUV-
solution, the GUVs were decomposed into smaller pieces as can be seen in
figure 4.23b.
In order to find out whether the decomposition of the GUVs was due
to the pressure of the colloids or the mechanical stress of the pipet tip,
another experiment was carried out in the same conditions but without
introducing the tip in contact with the sample. Here again the GUVs were
destroyed by the colloids. A bright field microscopy image of this experi-
ment is shown in figure 4.23c. Here it can be seen that the concentration of
colloids was very high which exerts a high pressure on the GUVs causing
them to collapse.
To prevent the decomposition of the GUVs due to the high pressure of
the colloids, the concentration of colloids was reduced by a factor of 2.5.
Optical microscopy images of this experiment are shown in figure 4.24.
Here, it can be seen that some of the GUVs were compressed, figure 4.24a;
and some of them didn’t experience compression, figure 4.24b. The reason
for this is that the volume of the colloids was very small compared to the
volume of the buffer and redispersion was not possible since the GUVs
would be decomposed upon redispersion.
In conclusion colloids with SDS on the surface can be attached to GUVs
without destroying the membranes of these. Then the Janus particles can
be used for curvature mediated interaction studies.
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(a) (b)
(c)
Figure 4.23: Optical microscopy images of Giant Unilamellar Vesicles a) 3D re-
construction of confocal images of a GUV in the absence of colloids b) 3D recon-
struction of confocal images of small pieces of a GUV after adding the colloids
c) Bright field microscopy image of a solution of GUVs and colloids at a high
concentration.
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(a) (b)
Figure 4.24: Bright field microscopy images of GUVs in a solution of colloids a)
Bright field microscopy image of a compressed GUV b) Bright field microscopy
image of a non-compressed GUV
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Conclusions
Janus particles were synthesised in 4 different steps. First, linear polystyrene
colloids of 800 nm in size with polydispersity lower than 5 % were syn-
thesised by a surfactant-free emulsion polymerisation method. Secondly
sulfate functionalised crosslinked polystyrene colloids of 1.2 µm in size
with polydispersity of 3% and carboxylic acid functionalised crosslinked
polystyrene colloids of 1.5 µm in size with polydispersity of 2 % were syn-
thesised by emulsion polymerisation. In the third step, the crosslinked
polystyrene colloids were chlorinated and the presence of chlorine groups
was demonstrated by the specific binding of fluoresceinamine. When the
crosslinking and the chlorination was performed in a one-step synthesis
the resulting colloids were chlorinated but not crosslinked.
Finally, Janus particles were obtained by swelling the chlorinated crosslinked
colloids with styrene or methylmethacrylate. A protrusion was formed
due to the high elastic stress exerted on the rigid colloids. Functionalisa-
tion with fluoresceinamine indicated that the chlorine groups were posi-
tioned on the seed particle.
These SDS functionalised colloids were also attached to Giant Unil-
amellar Vesicles without destroying the membrane. This indicates that
further research to curvature mediated interactions of these Janus parti-
cles on GUVs is possible.
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Outlook
In this study micrometric Janus particles were synthesised by swelling
chlorinated crosslinked colloids. The motivation of this project was us-
ing these particles for the study of the curvature mediated interactions in
the GUVs membranes.
Following this research line the next step would be based on applying
click Chemistry to the colloids to coat them with neutravidin. Then these
colloids can bind to the GUVs by biotin-neutravidin binding. By studying
the curvature, accuracy of the computational simulations with GUVs and
Janus particles can be checked.
Other experiments could be performed in order to fully understand
why the protrusions are formed when combining sulfate functionalised
colloids and styrene or when combining MM:MA with carboxylic acid
functionalised colloids. And a final experiment to understand why the
crosslinking and the fucntionalisation didn’t work in this case but it worked
for Ravensteijn et al [13].
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